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Thermal  degradation  kinetics  of  co-pyrolysis  of  polyethylene  terephthalate  (PET)  blended  with 
macadamia  nut  shell  were  investigated  using  a  large-scale  customised  thermogravimetric  analysis 
(TGA)  and  13C  solid-state  nuclear  magnetic  resonance  (NMR)  spectroscopy.  Blending  ratios  ranging  20- 
80wt.%  of  PET  with  macadamia  nut  shell  were  analysed  at  heating  rates  of  3,  5  and  8  °C/min  up  to 
1273  K  in  the  presence  of  N2  atmosphere  with  a  flow  rate  of  1  L/min.  The  differential  thermogravimetric 
analysis  (DTG)  data  was  analysed  by  the  Freeman-Carroll  method  to  yield  kinetic  parameters  which  were 
correlated  with  chemical  analysis  by  13C  solid-state  NMR.  The  results  indicated  that  two  synergistic 
effects  occurred  between  PET  and  macadamia  nut  shell  during  co-pyrolysis,  which  were  characterised 
by  an  enhanced  carbon  yield  of  the  co-pyrolysis  products.  The  secondary  reaction  occurring  between 
primary  products  of  macadamia  nut  shell  and  PET  was  identified  as  the  cause  of  the  synergistic  effect 
and  this  effect  varied  with  weight  fraction  of  macadamia  nut  shell  in  the  blend  and  the  heating  rate. 
The  measured  changes  in  activation  energy  and  reaction  order  indicated  that  the  thermal  degradation 
mechanism  of  co-pyrolysis  is  different  to  that  of  the  individual  components.  The  NMR  results  indicated 
that  macadamia  nut  shell  catalysed  the  degradation  behaviour  of  PET  leading  to  growth  of  polycyclic  aro¬ 
matic  hydrocarbons  (PAHs)  through  cross-linking  reaction  and  enhancing  the  carbon  yield  from  the  PET. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  co-pyrolysis  of  fossil  fuel  derived  polymers  with  biomass  in 
an  inert  atmosphere  presents  an  alternative  route  to  recycle  waste 
polymers  while  implementing  carbon  capture  of  the  renewable 
biomass.  Intensive  farming  of  crops  such  as  macadamia  can  pro¬ 
duce  large  quantities  of  waste  biomass  (exceeding  40,000  tonnes 
annually  for  the  macadamia  crop)  [1],  Similarly  nearly  15  million 
tonnes  annually,  of  polymers  such  as  polyethylene  terephthalate 
(PET)  are  produced,  primarily  for  the  manufacture  of  disposable 
plastic  drink  bottles  [2].  Instead  of  disposal  in  landfills  or  being 
used  as  an  energy  source  in  thermal  power  generation,  co-pyroly- 
sis  technology  enables  the  conversion  of  waste  plastics  and 
biomass  into  high  value  chemical  feedstock  that  can  replace 
dependence  on  fossil  fuel  [3,4],  The  thermal  treatment  of  plastics 
and  biomass  yields  two  fractions.  The  volatile  light  liquid  fraction, 
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known  as  tar  can  be  downstream  processed  into  various  chemical 
feed  stock.  The  condensed,  high  molecular  weight  fraction  know  as 
char,  which  is  almost  pure  carbon  has  a  variety  of  applications  such 
as  the  carbon  anode  in  aluminium  production  and  graphite  anode 
in  lithium  ion  batteries  [5,6],  Indeed  the  carbon  derived  from  the 
pyrolysis  of  biomass  and  polymers  at  1000  °C  has  outstanding  elec¬ 
trochemical  properties,  comparable  to  those  of  graphite  in  some 
cases  [7,8],  As  a  result,  biomass  and  polymers  have  the  potential 
to  become  an  important  alternative  to  replace  petroleum  coke  as 
the  carbon  source  for  such  applications. 

The  thermal  degradation  behaviour  of  synthetic  polymers  is  rel¬ 
atively  simple,  even  though  the  product  yields  from  distinct  poly¬ 
mers  can  be  very  different.  For  example,  although  both  PET  and 
polyolefins  have  single  step  primary  degradation  behaviour,  the 
char  yield  of  the  PET  pyrolysis  is  ca.  ten  times  higher  than  that  of 
polyolefins  [9],  In  comparison  to  synthetic  polymers,  biomass  is 
predominantly  a  mix  of  three  biopolymer  components  viz.  cellu¬ 
lose,  hemicellulose,  and  lignin.  As  expected  from  its  multi-compo¬ 
nent  nature,  the  thermal  degradation  of  biomass  is  quite  complex. 
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TGA  of  macadamia  nut  shell  in  an  inert  atmosphere  shows  two 
main  degradation  regions  from  565  K  to  1075  I<  corresponding  to 
the  thermal  degradation  of  hemicellulose  and  cellulose  respec¬ 
tively  [10],  Thermal  degradation  of  lignin  overlaps  with  that  of 
both  hemicellulose  and  cellulose.  When  biomass  is  heat  treated 
in  an  inert  atmosphere,  the  main  components  produce  primary 
tar  (primarily  from  the  cellulose  and  hemicellulose)  as  well  as  pri¬ 
mary  char  (from  the  lignin)  over  temperatures  up  to  820  I<  [11-13], 
The  primary  char  acts  as  a  catalyst  in  converting  the  organic 
vapour  to  light  gases  by  cracking  reactions  and  then  to  secondary 
char  by  polymerisation  reaction.  The  formation  of  char  contributes 
to  developing  PAHs  particularly  during  the  low  temperature 
(<800  K)  stage  of  pyrolysis  [12-16], 

Co-pyrolysis  of  synthetic  polymers  with  biomass  enables  the 
control  of  product  distribution  by  varying  the  type  and  blend  ratio 
of  the  raw  materials.  For  example,  previous  studies  on  the  co-pyro- 
lysis  of  biomass  and  polyolefinic  polymers  have  shown  that  the 
presence  of  biomass  has  a  catalytic  effect  on  the  tar  formation 
resulting  in  enhanced  weight  loss.  The  key  factor  for  the  enhanced 
weight  loss  is  the  hydrogen  transfer  from  the  degraded  polyolefin 
(which  have  ca.  14  wt.%  hydrogen)  into  the  char-radical  species  (of 
the  biomass)  which  prevents  cross  linking  reactions  to  the  char  and 
thereby  enhances  the  tar  formation  within  the  polyolefin  [4,17- 
19],  On  other  hand  polymers  such  as  PET,  which  have  a 
comparatively  smaller  weight  fraction  of  hydrogen  (4  wt.%),  and 
produce  high  molecular  weight  aromatic  products,  may  behave 
very  differently  in  the  presence  of  biomass  during  pyrolysis  [9[. 

In  the  present  work,  we  investigate  the  specific  case  of  co-pyro- 
lysis  of  macadamia  nut  shell  biomass  with  PET  to  elucidate  the 
co-pyrolysis  kinetics  and  chemical  structure  which  is  at  present 
poorly  understood.  We  expect  that  due  to  its  aromatic  nature, 
PET  has  a  distinct  interaction  with  the  biomass  during  co-pyrolysis 
which  can  enhance  the  end  yield  of  the  char  residue. 

The  thermogravimetric  analysis  (TGA)  is  used  to  determine  the 
overall  thermal  degradation  kinetics  which  includes  information 
such  as  the  frequency  factor,  the  activation  energy  and  the  overall 
reaction  order  [20].  Complementary  to  the  TGA,  13C  solid-state 
nuclear  magnetic  resonance  (NMR)  spectroscopy  yields  specific 
information  regarding  the  chemical  structure  of  the  solid  pyrolysis 
product  at  the  relevant  pyrolysis  temperatures  [21],  The  resulting 
insights  allow  the  significantly  different  kinetic  mechanisms  of 
PET-biomass  co-pyrolysis  to  be  determined  along  with  a  molecular 
level  characterisation  of  the  co-degradation  process.  This  study  of 
the  carbonisation  process  of  these  materials  in  the  manner  of  sin¬ 
gle  and  co-pyrolysis  is  expected  to  significantly  contribute  to 
understanding  of  char  properties  including  electrochemical 
applications  and  the  developing  efficient  char  utilisation 
technologies  [21,22], 


2.  Experimental 


blend.  A  sample  weight  of  ca.  0.700  g  (±0.001  g)  was  used  for  each 
experiment.  In  the  current  study,  five  different  sample  composi¬ 
tions  were  used:  pure  PET  (P100)  and  pure  macadamia  nut  shell 
(Mioo).  a  blend  of  80  wt.%  of  macadamia  nut  shell  and  20  wt.%  of 
PET  (M80P2o  blend),  a  blend  of  50  wt.%  of  macadamia  nut  shell 
and  50  wt.%  of  PET  (M50P50  blend),  and  a  blend  of  20  wt.%  of  mac¬ 
adamia  nut  shell  -  80  wt.%  of  PET  (IVQoPso  blend).  All  samples  were 
heated  in  an  alumina  crucible  under  an  atmosphere  of  flowing 
nitrogen  up  to  1480  K  at  heating  rates  of  3  °C/min,  5  °C/min  and 
8  °C/min.  Low  heating  rates  were  chosen  because  they  yield  more 
reliable  results  [23],  The  flow  rate  of  purge  gas  was  kept  at  1  L/min. 
Weight  changes  were  automatically  measured  and  simultaneously 
recorded  by  computer. 


2.3.  Determining  the  kinetic  parameters 


Thermal  degradation  kinetics  of  PET,  macadamia  nut  shell  and 
their  blends  were  evaluated  by  the  Freeman-Carroll  method.  All 
kinetics  studies  refer  to  the  following  basic  rate  equation  [24]: 

^=k/(a)  =  k( !-«)"  (1) 


where  /(a)  is  the  reaction  model  implying  the  actual  reaction 
mechanism  and  k  is  the  rate  constant.  According  to  Eq.  (1),  the  rate 
of  conversion  at  a  constant  temperature  is  a  function  of  the  reaction 
model  and  the  rate  constant.  The  conversion  rate  (a)  can  be 
calculated  using  the  following  equation: 


W„-W  f 
W0-Wf 


(2) 


where  W0,  Wf  and  Wt  are  the  initial  weight,  the  final  weight  and  the 
weight  at  any  time  (t)  respectively.  The  rate  constant  (k)  is  obtained 
by  the  Arrhenius  equation: 

k  =  A  exp-Ec/RT  (3) 


where  A  is  the  frequency  factor,  Ea  is  the  apparent  activation  energy 
(kj/mol),  R  is  gas  constant  (8.314J/mol),  and  T  is  the  absolute 
temperature  (K).  Eq.  (1)  can  be  converted  as  follows: 

^  =  A  expEa/RTf(tx)  =  A(1  -  a)"exp~£“/RT  (4) 


Hr/  F 

ln^=ln  A  +  nln(l  -a)-g=  (5) 

The  following  equations  can  be  used  to  study  the  thermal 
degradation  kinetics  at  a  constant  heating  rate  by  converting 
Eq.  (5)  if  small  changes  in  temperature  lead  to  negligible  change 
in  the  apparent  activation  energy  [25]: 


2.3.  Raw  materials 

The  materials  used  in  this  study  were  macadamia  nut  shell  in 
the  powder  form  and  commercial  available  PET  pellets.  The  macad¬ 
amia  collected  in  Queensland,  Australia  was  milled  the  particle  size 
ranging  from  0.25  mm  to  2  mm.  The  milled  macadamia  nut  shell 
was  dried  in  air  at  60  °C  for  at  least  48  h.  The  commercial  PET 
did  not  contain  any  fibres  or  filler. 

2.2.  Weight  reduction  measurement  in  non-isothermal 
thermogravimetric  analysis  (TGA) 

A  customised  large  scale  TGA  was  used  to  study  thermal 
degradation  behaviour  of  pure  PET,  macadamia  nut  shell  and  its 


AlnW  =  nAln(1  _a)_¥xZT  (6) 

This  equation  is  known  as  Freeman  and  Carroll  method  and  it 
describes  the  reaction  rate  ^  (%/min)  for  degradation  reaction. 

Aln(g)  n  Ea  _  AT" 

Aln(l  -  a)  R  Aln(l  -  a) 

if  the  differences  in  Ain  (^)  and  Aln(l  -  a)  are  obtained  at  reg¬ 
ular  intervals  of  l  the  straight  slope  and  intersect  obtained  from 

plot  °f  Ain(i?a)  against  Ainp-g)  Pr°tiuces  ^r1  and  reaction  order  (n) 
respectively.  The  apparent  activation  energy  and  reaction  order 
can  be  determined  from  the  best-fit  lines.  Frequency  factor  (A)  is 
then  calculated  using  Ea  and  n  in  Eq.  (5)  [26-28]. 
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Fig.  1.  TGA  curves  of  samples  heat  treated  at  (a)  3  °C/min,  (b)  5  °C/min,  (c)  8  °C/min  ( - 100  wt.%  macadamia  nut  shell, - 80/20  blends, -  50/50  blends - 20/80 

blends,  —  1 00  wt.%  PET)  and  (d)  final  residue  weight  of  blends  heat  treated  at  3  °C/min  ( ♦ ),  5  °C/min  ( ■ )  and  8  °C/min  (  a  ). 


2.4.  13C  solid-state  nuclear  magnetic  resonance  (NMR)  experiments 

All  NMR  experiments  were  performed  using  BRUKER  AVANCE  III 
300  spectrometer  operating  at  ’H  NMR  frequency  of  300  MHz  and 
13C  NMR  frequency  of  75  MHz  at  room  temperature.  All  samples 
were  finely  ground  and  ca.  75  mg  were  packed  into  4  mm  zirconia 
MAS  rotor  with  kel-F (R)  cap.  A  4  mm  double  resonance  MAS  probe- 
head  was  used  to  spin  the  sample  to  8  kHz  before  recording  the 
spectra.  The  sample  groups  heat  treated  at  5  °C/min  analysed  in 
NMR  experiments  can  be  divided  into  seven  categories: 

(a)  Raw  macadamia  nut  shell  and  raw  PET. 

(b)  100  wt.%  Macadamia  nut  shell  and  PET  pyrolysed  up  to 
680  K 

(c)  Macadamia  nut  shell  and  PET  separately  pyrolysed  up  to 
680  K  and  mixed  in  weight  ratio  of  80:20  (M80P2o  mixture). 

(d)  Macadamia  nut  shell  and  PET  blended  together  in  an  80:20 
weight  ratio  and  then  co-pyrolysed  up  to  680  K  (M80P2o 
blend). 

(e)  Macadamia  nut  shell  and  PET  single  pyrolysed  up  to  730  K. 

(f)  Macadamia  nut  shell  and  PET  separately  pyrolysed  up  to 
730  K  and  mixed  in  an  80:20  weight  ratio  (M80P2o  mixture). 

(g)  Macadamia  nut  shell  and  PET  blended  together  in  an  80:20 
weight  ratio  and  then  co-pyrolysed  up  to  730  1<  (M80P2o 
blend). 

To  obtain  the  13C  NMR  spectra,  a  'H-13C  cross-polarisation 
scheme  with  a  2  ms  contact  time  with  ramped  polarisation  trans¬ 
fer  was  used.  The  Total  Suppression  of  Spinning  Sidebands  (TOSS) 
scheme  [29]  was  used  prior  to  detection  to  suppress  overlap  of  the 
isotropic  peaks  with  spinning  sidebands. 


3.  Results  and  discussion 

3.1.  Thermal  degradation  behaviours  of  macadamia  nut  shell,  PET  and 
their  blend 

Fig.  l(a-c)  shows  the  thermogravimetric  (TG)  curves  of  the  pure 
and  blended  samples  heat  treated  at  3,  5  and  8  °C/min.  It  can  be 
seen  that  pure  macadamia  nut  shell  has  the  lowest  thermal 
stability,  degrading  at  550  K,  while  pure  PET  degrades  at  a  higher 
temperature  640  K.  The  TGA  results  indicate  that  increasing  mac¬ 
adamia  nut  shell  fraction  in  the  blend  increases  the  final  residue 
weight.  On  the  other  hand,  increasing  the  heating  rate  reduces 
the  amount  of  final  residue  obtained  from  the  pyrolysis.  In 
particular  as  heating  rate  increases,  the  final  residue  weight  of  neat 
macadamia  nut  shell  (M10o)  rapidly  decreases,  while  that  of  neat 
PET  (Pioo)  remains  relatively  stable.  This  indicates  that  the  thermal 
degradation  behaviour  of  macadamia  nut  shell  plays  a  primary  role 
in  determining  the  variation  of  the  thermal  degradation  mecha¬ 
nism  for  the  blend  through  a  possible  secondary  reaction  with 
the  hydrocarbon  volatiles  from  PET. 

The  final  weight  of  residues  for  the  different  blend  ratios  and 
heating  rates  is  shown  in  Fig.  1(d).  The  final  residue  weight  is  sig¬ 
nificantly  affected  by  blending  ratio  and  heating  rate.  As  the  weight 
fraction  of  PET  in  the  blend  or  heating  rate  is  increased,  there  is  a 
reduction  in  the  final  residue  weight.  The  least  amount  of  char  res¬ 
idue  is  obtained  for  the  M20Pso  blend  heated  at  8  °C/min  while  the 
M8oP2o  blend  heated  at  3  °C/min  produces  the  highest  char  residue 
(51t  wt.%)  which  comparable  with  that  of  Mi0o  (52  wt.%).  While  it 
is  expected  that  increasing  macadamia  nut  shell  content  increases 
the  char  yield,  the  unique  effect  is  that  the  char  formation  from  the 
PET  fraction  also  increases.  In  the  specific  case  of  the  M80P2o  blend 
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heated  at  3  °C/min,  if  we  assign  80%  of  the  char  weight  to  the  mac- 
adamia  fraction  (i.e.,  40.8  wt.%),  we  have  a  10.8  wt.%  contribution 
from  the  20  wt.%  PET  fraction  towards  char  formation.  This  implies 
that  compared  to  neat  PET  where  char  yield  is  ca.  25  wt.%,  char 
yield  from  the  PET  in  the  blend  is  nearly  50%.  This  increase  in  the 
char  residue  from  the  PET  in  the  presence  of  the  macadamia  is 
indicative  of  a  synergistic  effect  between  the  biomass  and  the 
PET.  This  effect  is  also  seen  in  other  blend  concentrations  and  heat¬ 
ing  rates  although  to  a  lesser  degree. 

The  origins  of  this  synergistic  effect  can  be  more  readily  ana¬ 
lysed  by  looking  at  the  differential  thermogravimetric  (DTG) 
curves  obtained  from  the  TGA  data.  Fig.  2(a-c)  shows  the  DTG 
curves  for  the  neat  and  blended  samples  at  heating  rates  of  3  °C/ 
min,  5  °C/min  and  8  °C/min  respectively.  The  neat  macadamia 
nut  shell  shows  two  main  degradation  regions  from  550  K  to 
1075  K.  Thermal  degradation  of  hemicellulose  corresponds  to  the 
shoulder  in  the  DTG  curve  at  ca.  550  I<  and  takes  place  over  a  short 
temperature  range,  while  the  maximum  loss  peak  of  DTG  curve  at 
ca.  590  K  accounts  for  the  thermal  degradation  of  the  cellulose.  The 
lignin  degradation  peaks  appear  as  a  tail  section  on  the  DTG  curves 
at  higher  temperatures  of  ca.  1000  K  [12,30,31],  In  contrast  to  the 
neat  macadamia  nut  shell,  neat  PET  shows  a  single  peak  with  max¬ 
imum  degradation  rate  at  ca.  710  K  which  is  higher  than  that  of  the 
macadamia  nut  shell.  This  is  because  the  activation  energy  of  the 
PET  is  relatively  higher  than  that  of  macadamia  nut  shell  [18],  A 
comparison  of  the  DTG  graphs  at  different  heating  rates  shows  that 
the  temperature  to  initiate  the  degradation  is  shifted  to  higher 
temperatures  with  increasing  heating  rate  due  to  the  heat  transfer 
effect  at  high  mass  loading  [32-34],  The  difference  in  the  DTG 
curves  for  the  different  blend  ratios  indicates  differences  in  the 
thermal  degradation  mechanisms.  The  DTG  curves  of  the  M80P2o 
and  M50P50  blend  show  two  maxima  for  at  all  heating  rates.  In  con¬ 
trast,  there  is  only  a  single  peak  maxima  occurring  for  M2oPso  blend 
similar  to  the  neat  PET  at  heating  rates  of  3  °C/min  and  5  °C/min. 
However  8  °C/min  heating  rate  of  the  M2oP8o  blend  shows  a  broad 
shoulder  before  the  main  peak  indicating  the  occurrence  of  faster 
degradation. 

3.2.  Analysis  of  the  synergistic  effect  during  co-pyrolysis 

The  synergistic  effect  of  reaction  between  macadamia  nut  shell 
and  PET  at  a  given  temperature  during  co-pyrolysis  can  be  charac¬ 
terised  by  the  value  of  A MJ  [35],  defined  as: 

A Mt  =  weight  loss[lend  -  (jj,  weight  loss}  +  / 2  weight  loss})  (8) 

where  the  weight  loss}(end,  weight  loss}  and  weight  loss}  are 
weight  losses  of  blend,  macadamia  nut  shell  and  PET  at  instance 
time  and  at  the  same  temperature,  respectively,  X\  and  X2  are 
weight  fraction  of  macadamia  nut  shell  and  PET  in  the  blend.  There¬ 
fore,  AM7  is  the  extent  of  synergistic  effect  during  co-pyrolysis. 
Increase  in  negative  value  of  AM7  indicates  higher  synergistic  effect 
of  co-pyrolysis  for  the  formation  of  char.  AM7  monitors  how  effec¬ 
tively  reactions  occur  between  two  materials  compared  with  pyro¬ 
lysis  of  single  components,  and  then  mixed  at  the  same  weight 
fraction  as  the  co-pyrolysis  blends. 

Fig.  3  shows  the  plots  of  the  synergistic  effects  (AM7  vs.  T)  along 
with  the  DTG  curves  of  the  co-pyrolysis  (da/dt  vs.  T)  for  M80M20, 
M50P50  and  M20P8o  blend  samples,  heat  treated  at  3  and  8  °C/min. 
The  synergistic  curves  show  two  peaks  (regions)  that  can  be  asso¬ 
ciated  with  a  first  and  second  synergistic  effect  respectively.  The 
synergistic  effect  of  the  first  peak  (at  the  lower  temperature)  can 
be  explained  by  the  secondary  reaction  between  hydrogen  from 
PET  and  primary  pyrolysis  product  of  macadamia  nut  shell  which 
is  char.  The  second  synergistic  effect  is  permanent  in  the  course 
of  pyrolysis  as  seen  by  the  negative  value  of  AM7  all  the  way  up 


Temperature  (K) 


Temperature  (K) 


Temperature  (K) 


Fig.  2.  DTG  curves  of  samples  heat  treated  at  (a)  3  °C/min,  (b)  5  °C/min  and  (c)  8  °C/ 
min  (A:  100  wt.%  macadamia  nut  shell,  B:  M8oP2o  blends,  C:  M50P50  blends,  D: 
M2oPso  blends  and  E:  100  wt.%  PET). 

to  the  end  of  the  reaction  and  it  is  accompanied  by  formation  of 
thermally  resistant  carbon  structure.  The  first  synergistic  effect 
for  all  the  blends  starts  to  occur  at  a  temperature  of  ca.  570  K.  Typ¬ 
ically,  biomass  starts  to  form  free  radicals  at  575  K  and  it  is 
believed  to  be  completely  degraded  by  about  670  K,  is  a  source 
of  radicals  [16,36],  It  is  important  to  know  that  the  radical  forma¬ 
tion  on  char  plays  a  key  role  in  forming  secondaiy  char  from 
organic  vapours  by  catalysing  the  secondary  reaction  (14,30).  In 
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Fig.  3.  (a)  M8oP2o,  (b)  M50P50.  (c)  M20Pso  heat  treated  at  3  °C/min,  (d)  M80P2o.  (e)  M50P50  and  (f)  M2oP8o  heat  treated  at  8  °C/min  ( . synergistic  effect,  — ■  DTG  curve). 


addition,  PET  begins  to  be  thermally  degraded  at  670  K,  and  then 
simultaneous  decrease  in  fluidity  with  production  of  a  large 
amount  of  gaseous  products  between  670  K  and  720  K  [37,38], 
Therefore  the  main  degradation  reaction  zones  of  the  two  raw 
materials  are  partially  overlapped.  The  radicals  formed  on  macad- 
amia  nut  shell  cause  the  homolytic  scission  of  the  polyolefinic 
chains  formed  from  PET  degradation  and  causes  hydrogen  to  be 
transferred  from  these  chains  to  the  radicals,  thereby  delaying 
the  thermal  degradation  of  macadamia  nut  shell  in  the  low  tem¬ 
perature  region  [16,39,40].  This  hydrogen  transfer  which  increases 
the  macadamia  nut  shell’s  resistance  to  thermal  degradation  is  the 
source  the  observed  first-synergistic  effect. 

As  degradation  process  proceeds  further,  the  hydrogen  transfer 
effect  diminishes  and  the  blend  rapidly  loses  the  first  synergistic 


effect  as  indicated  by  an  increase  in  the  positive  value  of  AM7 
[177  The  second  synergistic  effect  is  initiated  when  the  tempera¬ 
ture  reaches  a  critical  point  where  PET  degrades.  PET  degradation 
releases  a  variety  of  products  such  as  CO,  C02,  methane,  ethane, 
hydrogen,  gases  rich  in  PAHs  compounds  with  oxygen  functional¬ 
ities,  and  oil  with  a  scarce  fraction  of  aliphatic  hydrocarbon  and 
large  amount  of  aromatic  hydrocarbons  [41,42],  These  products 
interact  with  the  primary  char  from  the  macadamia  nut  shell  and 
significantly  contribute  to  the  second  synergistic  effect  which  max¬ 
imises  the  char  residue  upon  completion  of  pyrolysis.  The  second 
synergistic  effect  is  seen  to  be  permanent  for  the  PET-macadamia 
blend  system,  which  is  very  different  from  other  co-pyrolysis  stud¬ 
ies  involving  polymers  such  as  HDPE,  LDPE  or  PP  and  biomass 
[18,43],  where  the  synergistic  effect  is  not  permanent.  All  blends 
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showed  a  higher  second  synergistic  effect  regardless  of  the  heating 
rates.  This  implies  that  the  char  from  the  macadamia  nut  shell 
significantly  contributes  to  the  development  of  PAHs  during  co¬ 
pyrolysis. 

3.3.  Kinetic  analysis  of  the  thermal  degradation 

While  the  combination  of  the  AM7  and  DTG  data  gives  us  a 
qualitative  understanding  of  the  synergistic  effects  during  co-pyro- 
lysis,  evaluating  the  kinetic  parameters  of  the  co-pyrolysis  yields 
quantitative  insights  into  the  synergistic  reactions  between  the 
blend  components.  A  higher  activation  energy  ( Ea )  and  reaction 
order  (n)  for  thermal  degradation  implies  a  greater  thermal  stabil¬ 
ity  and  a  complex  thermal  degradation  mechanism  occurring  in 
the  solid  state.  The  activation  energy  (£a)  yields  a  quantitative 
measure  of  the  energy  threshold  for  the  formation  of  the  product 
during  pyrolysis.  The  reaction  order  (n)  is  an  indication  of  the  reac¬ 
tion  mechanism  for  the  thermal  degradation  while  the  frequency 
factor  (A)  is  a  measure  of  the  frequency  for  molecules  collisions 
regardless  of  the  energy  level  during  the  reaction.  In  the  case  of 
pyrolysis,  the  Ea  characterising  the  all  the  reaction  processes  which 
consisting  of  the  breakdown  of  the  organic  molecules  and  evolu¬ 
tion  of  new  high  molecular  weight  compounds  during  carbonisa¬ 
tion.  An  increase  in  the  reaction  order  (n)  as  the  pyrolysis 
reaction  progresses  indicates  a  complex  thermal  degradation 
mechanism  occurring  in  the  solid  state  [25,27,44-46], 

The  DTG  data  from  the  M10o  and  P10o  (data  not  shown)  and  the 
co-pyrolysed  blend  is  analysed  according  to  the  Freeman-Carroll 
method  and  plotted  in  Figs.  4  and  5,  which  shows  straight  line 
graphs  that  have  been  fitted  to  yield  the  kinetic  parameters  Ea 
(the  slope)  and  the  reaction  order  n  (they-intercept).  These  kinetic 
parameters  are  listed  in  Tables  1-3  for  the  neat  material  and  the 
blend  samples.  The  M10o  provides  two  sets  of  kinetic  parameters 
associated  with  the  two  peak  maxima  seen  in  the  DTG  curves  as 
seen  in  Table  1.  As  seen  in  Fig.  1(d),  the  weight  of  the  char  residue 
is  inversely  proportional  to  the  heating  rate.  Concomitant  to  this 
observation,  as  the  heating  rate  increases,  the  kinetic  parameters 
Ea  and  n  show  a  rapid  decrease  which  is  associated  with  the  reduc¬ 
tion  in  the  residue  weight.  While  the  frequency  factor  (A)  exhibits 
no  temperature  dependency,  the  frequency  factor  (In  A)  is  seen  to 
decrease  with  increase  in  the  heating  rate,  which  indicates  a 
decrease  in  the  molecular  collision  frequency  with  increasing  heat¬ 
ing  rate.  This  decrease  can  be  explained  by  the  fact  that  the 
increased  rate  of  energy  input  into  the  system  causes  a  degradation 
of  the  material  followed  by  rapid  volatilization  of  the  degradation 
products  resulting  in  a  decrease  in  the  molecular  collisions  in  the 
condensed  reaction  mixture.  Therefore,  the  occurrence  of  simple 
reaction  mechanism  is  expected  as  heating  rate  increases.  As  a 
result,  an  increase  in  heating  rate  significantly  reduces  char  forma¬ 
tion  [46,47],  The  hemicellulose  and  cellulose  decomposition  is  a 
first  order  reaction  while  lignin  decomposition  is  of  a  higher  order. 
However  simultaneous  multi-component  degradation  of  these 
three  main  components  leads  to  a  single  nth  -  order  reaction  of 
value  greater  than  one  [46,48-51].  Thus  the  value  of  n  yielded  by 
the  Freeman-Carroll  analysis  of  the  DTG  data  describes  a 
pseudo-mechanism  for  the  main  component  degradation  as  well 
as  the  secondary  reaction  leading  to  the  char  formation  [15,52- 
54],  In  the  case  of  the  secondary  reaction,  char  formed  during  pri¬ 
mary  pyrolysis  provides  the  organic  tar  with  active  sites  to  catalyse 
the  conversion  of  the  tar  into  secondary  char.  Hydrogen  exchange 
reaction  from  the  tar  to  the  char  is  believed  to  increase  the  activa¬ 
tion  energy  [55].  Therefore  the  reduction  in  the  activation  energy 
with  increased  heating  rate  would  be  consistent  with  a  reduction 
in  the  hydrogen  exchange  reaction  leading  to  reduction  in  char  for¬ 
mation.  Similarly  n,  which  measures  the  formation  of  complex 
solid  reaction  products  (char),  also  decreases  with  increasing  heat¬ 


ing  rate.  This  effect  is  consistent  with  the  reduced  hydrogen  trans¬ 
fer  reactions  (as  measured  by  decrease  in  Ea )  with  the  overall  effect 
of  reduced  char  formation.  This  observed  effect  is  most  prominent 
at  lower  temperatures  (shoulder  region  in  Table  1).  The  decreases 
in  activation  energy  and  reaction  order  represent  faster  thermal 
degradation  and  simpler  reaction  mechanism  respectively.  The 
decrease  in  the  Ea  and  n  with  increased  heating  rates  at  higher 
temperatures  (peak  region  in  Table  1)  is  not  significant  as  the 
shoulder  region,  which  indicates  that  at  the  elevated  temperatures 
the  heat  transfer  rate  no  longer  has  a  significant  influence  on  the 
secondaiy  char  formation. 

The  neat  PET  (P10o)  degradation  on  the  other  hand  is  much  sim¬ 
pler  as  it  consists  of  only  one  type  of  monomer  and  therefore  the 
DTG  shows  a  single  peak  at  all  heating  rates.  While  PET  degrada¬ 
tion  also  showed  a  decrease  in  the  activation  energy  with  increas¬ 
ing  heating  rate  (Table  2),  the  reaction  order  was  more  stable  than 
that  of  the  macadamia  nut  shell.  The  values  for  the  kinetic  param¬ 
eter  for  PET  degradation  agree  well  with  the  results  from  previous 
studies  [56-58],  which  indicates  the  uniformity  of  this  material 
from  different  sources.  The  kinetic  parameters  of  the  macadamia 
nut  shell  degradation  on  the  other  hand  are  quite  different  for  that 
reported  for  other  biomass,  which  indicates  that  biomass  from  dif¬ 
ferent  sources  can  have  very  different  degradation  behaviour 
[53,59], 

Considering  the  complexity  of  degradation  kinetics  for  the  neat 
materials,  the  reactions  during  co-pyrolysis  are  expected  to  be 
even  more  complex.  In  particular  the  change  in  the  blend  ratio  is 
expected  to  have  an  impact  on  the  kinetic  parameters.  The  Free¬ 
man-Carroll  analysis  of  the  pyrolysis  of  the  M80P20  and  M50P5o 
blends  yields  two  sets  of  kinetic  parameters  consistent  with  the 
two  peak  maxima  observed  in  the  DTG  curves,  while  the  M2oPso 
blend  yields  a  single  set  of  kinetics  parameters  for  the  lower  heat¬ 
ing  rates.  For  the  M8oP2o  and  M50P50  blend,  at  the  lower  tempera¬ 
ture  regime  (1st  peak)  the  Ea  increases  with  increasing  PET 
fraction,  as  seen  in  Tables  3a-3c.  This  increase  in  the  Ea  can  be 
assigned  to  the  increased  hydrogen  transfer  from  the  PET  degrada¬ 
tion  products  to  the  primary  char.  In  fact  the  Ea  of  the  first  peak  in 
the  blend  is  higher  than  that  of  neat  macadamia  nut  shell  which  is 
consistent  with  enhanced  hydrogen  transfer  from  the  PET  which  is 
a  stable  source  for  the  hydrogen  at  the  elevated  temperatures 
(unlike  cellulose  and  hemicellulose  which  degrade  below  the 
temperatures  of  primary  char  formation).  Crucially,  along  with 
the  increase  in  Ea,  an  increase  in  the  reaction  order  of  the  blend 
with  increasing  weight  fraction  of  PET  was  also  observed.  In  partic¬ 
ular  the  M50P50  blend  at  all  heating  rates  maximised  reaction  order 
during  the  first  synergistic  effect  (1st  peak  in  Tables  3a-3c).  This 
indicates  that  the  enhanced  hydrogen  transfer  from  the  PET  does 
indeed  assist  in  stabilizing  the  primary  product. 

The  extent  of  the  radical  effect  on  the  thermal  degradation  of 
the  PET  is  measured  by  the  second  activation  energy  and  reaction 
order  (2nd  peak  in  Tables  3a-3c)  and  is  associated  with  the  second 
synergistic  effect.  According  to  kinetic  data  for  second  peak,  the  Ea 
has  the  following  trend  at  all  heating  rates: 

M20P8 0  blend  >  M50P50  blend  >  M80P2o  blend 

while  the  reaction  order  has  the  opposite  trend: 

M80P2 0  blend  >  M50P50  blend  >  M20P8o  blend 

As  seen  in  Tables  3a-3c,  the  activation  energies  of  PET  in  the 
blend  are  always  lower  than  that  of  pure  PET  due  to  influence  of 
the  char  which  catalyses  the  PET  degradation.  This  is  in  agreement 
with  previous  studies  used  other  plastics  and  PET  [39,40,60],  On 
the  other  hand,  maximum  reaction  order  for  PET  degradation  is 
obtained  from  M80P2o  blend  which  has  the  least  amount  of  PET. 
This  is  due  to  the  fact  that  the  M80P2o  blend  has  an  excess  of  char 
from  the  macadamia  nut  shell  which  can  more  completely  react 
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Fig.  4.  (a)  Variation  of  activation  energy  for  first  synergistic  effect  on  MsoP2o  blends  at  different  heating  rates  (♦  3  °C/min,  ■  5  °C/min  and  8  °C/min)  and  (b)  variation  of 
activation  energy  for  first  synergistic  effect  on  blends  at  3  °C/min  ( ♦  M80P2o  and  ■  M50P50  blends). 


Fig.  5.  (a)  Variation  of  activation  energy  for  PET  degradation  on  M80P2o  blends  at  different  heating  rates  (♦  3  °C/min,  ■  5  °C/min  and  8  °C/min)  and  (b)  variation  of 
activation  energy  for  PET  degradation  in  blends  at  3  °C/min  (♦  M80P2o.  ■  M50P50  and  1  M2oP8o  blends). 


Table  1 

Kinetic  parameters  for  100  wt.%  of  macadamia  nut  shell  heat  treated  at  3,  5  and  8  °C/ 
min. 


1 00  wt.% 

Macadamia 

(°C/min) 

Ea,  kj/mol 

n 

In  A,  min  1 

Shoulder 

Peak  Shoulder 

Peak 

Shoulder 

Peak 

3 

334.0 

286  10.1 

3.2 

64.9 

54.4 

5 

188.7 

206.2  9.7 

3.0 

36.0 

38.0 

8 

129.4 

132.9  4.8 

2.5 

22.7 

24.7 

Table  2 

Kinetic  parameters  for  100  wt.%  of  PET  heat  treated  at  3,  5  and  8  °C/min. 

too  wt.%  PET  (°C/min) 

Ea,  kj/mol 

n 

In  A,  min  1 

3 

331.6 

1.8 

56.1 

5 

283.3 

1.9 

46.7 

8 

198.2 

1.9 

34.5 

with  and  capture  the  degradation  products  of  the  PET  to  yield 
higher  concentrations  of  PAHs.  At  low  macadamia  nut  shell 
concentrations  such  as  in  M2oPso,  while  the  char  has  catalysed 
the  PET  degradation,  there  is  insufficient  char  to  capture  the  PET 
products  which  are  lost  to  volatilization.  Thus  it  is  important  to 
vary  the  blend  ratio  yield  the  highest  char  production  over  the 
temperature  range. 

The  thermal  degradation  of  PET  is  known  to  follow  a  reaction 
order  <2.  However  if  a  reaction  order  >2  is  observed,  it  indicates 
the  formation  of  thermally  stable  coke  1 61  ].  While  the  thermal 
degradation  by  second-order  contributes  to  the  weight  loss  of 
polymer  by  the  intermolecular  transfer  and  scission,  the  formation 
of  polycyclic  aromatic  hydrocarbons  (PAHs)  is  governed  by  a 
radical  mechanism  during  which  intermolecular  and  intramolecu¬ 
lar  aromatic  condensation  reactions  occur.  Thus  increasing  the 
amount  of  macadamia  nut  shell  promotes  both,  the  faster 


Table  3a 

Details  of  thermal  degradation  kinetics  to  samples  heat  treated  at  3  °C/min. 


3  °C/min 

Ea,  kj/mol 

n 

In  A,  min  1 

1st  Peak 

2nd  Peak 

1  st  Peak 

2nd  Peak 

1  st  Peak 

2nd  Peak 

M80P20 

394.3  ±  22.5 

269.2  ±  4.2 

6.7  ±  0.2 

4.2  ±0.1 

78.6  ±4.2 

47.0  ±2.1 

M50P50 

545.8  ±2.12 

287.8  ±  9.4 

20.5  ±  0.3 

2.3  ±0.1 

104.4  ±0.7 

49.9  ±1.1 

M2oP8o 

326.3  ±15.6 

2.0 

55.9  ±2.9 
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Table  3b 

Details  of  thermal  degradation  kinetics  to  samples  heat  treated  at  5  °C/min. 


5  °C/min 

Ea,  kj/mol 

n 

In  A,  min  1 

1  st  Peak 

2nd  Peak 

1st  Peak 

2nd  Peak 

1st  Peak 

2nd  Peak 

M80P20 

M50P50 

M2qP80 

220.7  ±  2.9 

299.5  ±1.2 

277.1  ±0.6 

204.7  ±  5.9 

237.7  ±4.2 

4.5  ±  0.1 

12.6  ±0.3 

2.2 

3.9  ±0.1 

2.4 

40.9  ±1.7 

55.8  ±1.9 

46.1 

40.3  ±  0.9 
39.9  ±  0.6 

Table  3c 

Details  of  thermal  degradation  kinetics  to  samples  heat  treated  at  8  °C/min. 


8  °C/min 

Ea,  kj/mol 

n 

In  A,  min  1 

1st  Peak 

2nd  Peak 

1st  Peak 

2nd  Peak 

1st  Peak 

2nd  Peak 

M80P20 

133.9  ±3.0 

155.6  ±4.0 

3.4  ±0.1 

3.2  ±  0.1 

21.9  ±1.2 

28.5  ±1.3 

M50P50 

147  ±2.6 

181  ±15.4 

6.4  ±  0.1 

2.3 

24.5 

29.3  ±  2.9 

M2qP80 

117.7  ±5.5 

190.7  ±3.8 

3.7  ±0.1 

2.0 

27.4  ±1.1 

30.2  ±  0.4 

degradation  of  PET  and  the  formation  of  thermal  stable  structure 
by  intensive  cross-linking  process.  Therefore,  in  the  M8oP2o  blend 
even  though  there  is  less  PET-to-char  hydrogen  transfer  at  the 
lower  temperature,  at  the  higher  temperatures  where  the  PET  deg¬ 
radation  products  are  formed,  the  presence  of  the  char  maximises 
the  aromatic  condensation  reaction  which  yields  the  maximum 
residue  weight. 

3.4.  Nuclear  magnetic  resonance  (NMR)  study 

The  solid-state  13C-1H  CPMAS  NMR  spectra  (with  Total  Sup¬ 
pression  of  Spinning  Sidebands)  of  macadamia  nut  shell  and  PET 
are  shown  in  Fig.  6(a-f).  The  spectra  show  the  difference  in  chem¬ 
ical  complexities  between  the  two  materials  as  well  as  their  degra¬ 
dation  behaviour.  The  pyrolysis  temperatures  of  683  K  and  734  K 
for  the  neat  and  blended  materials  were  chosen  to  correspond  to 
points  before  and  after  the  DTG  peak  maxima  which  is  related  to 
the  second  synergistic  effect.  The  complex  spectrum  of  untreated 
macadamia  nut  shell  (Fig.  6(a))  is  very  similar  to  previous  studies 
of  ligno-cellulosic  materials  [21,62-64],  This  enables  constituents 
within  the  matrix  to  be  identified  as  follows:  104.5  ppm,  88  ppm, 
72  ppm  and  64  ppm  for  cellulose;  172  ppm,  and  20.5  ppm  for 
hemicellulose;  152  ppm,  148  ppm,  138  ppm,  113  ppm,  83  ppm, 
and  55  ppm  for  lignin.  The  detailed  assignment  of  the  peaks  to  spe¬ 
cific  chemical  moieties  has  been  previously  presented  by  Melkior 
et  al.  [63],  Overall  while  the  complex  multi-component  NMR  spec¬ 
trum  of  the  neat  macadamia  nut  shell  mirrors  the  complex  thermal 
degradation  process  observed,  in  contrast  to  the  TGA  method,  NMR 
enables  us  to  selectively  monitor  the  pyrolytic  degradation  of  the 
different  components  in  the  biomass. 

The  13C  NMR  spectrum  of  the  as-received  PET  (Fig.  6(d))  is  much 
simpler  and  has  four  peaks  which  correspond  to  the  four  unique 
carbon  environments  in  the  repeat  unit  of  PET  viz.  163  ppm  for 
the  ester  carbonyl,  133.5  ppm  for  the  unprotonated  aromatic  car¬ 
bon,  130  ppm  for  the  protonated  aromatic  carbon  and  61.5  ppm 
for  the  alkoxy  carbon  [42,65].  Additionally  PET  is  a  semi-crystalline 
thermoplastic  polymer  and  the  amorphous  domains  are  visible  as 
broad  shoulders  at  ca.  167  ppm  and  64  ppm.  Concomitant  to  its 
simple  structure  as  seen  in  the  13C  NMR  spectrum,  the  PET  degra¬ 
dation  is  much  simpler  as  compared  to  the  macadamia  nut  shell. 

The  differences  in  the  pyrolysis  behaviour  of  the  macadamia 
nut  shell  and  the  PET  were  also  investigated  with  13C  NMR  spec¬ 
troscopy.  In  particular  we  are  able  to  monitor  the  changes  in  the 
chemical  structure  of  the  original  materials  as  a  function  of  heating 
temperature.  13C  NMR  spectra  of  macadamia  nut  shell  and  PET 
heated  to  683  K  and  734  I<  are  shown  in  Fig.  6.  At  683  K,  it  is  evi¬ 
dent  from  the  13C  NMR  that  the  macadamia  nut  shell  has  been  sig¬ 


nificantly  degraded.  The  predominant  species  remaining  within 
the  macadamia  nut  shell  char  are  the  aromatic  carbons.  The  cellu¬ 
lose  and  hemicellulose  are  degraded  completely  and  this  is 
reflected  by  the  complete  absence  of  their  correspond  peaks  in 
the  13C  NMR  spectrum.  In  contrast  however,  some  fragments  of 
the  lignin  structure  do  survive  at  683  K  as  is  evidenced  by  the  par¬ 
ticularly  characteristic  lignin  methoxy-peak  at  55  ppm.  Addition¬ 
ally  new  peaks  appear  in  the  alkyl  region  ca.  30-10  ppm  which 
arise  from  the  formation  of  low  molecular  weight  tar  from  the 
breakdown  of  the  cellulose  and  the  hemicellulose.  Additionally 
the  formation  of  the  dominant  peaks  at  126  ppm  and  144  ppm  in 
the  aromatic  region  indicates  the  initiation  of  char  formation  con¬ 
sisting  of  aromatic  ring  structures  originating  from  the  lignin  deg¬ 
radation  and  which  will  react  with  the  tar  residue  to  form 
secondary  char  [21,64]  As  the  temperature  of  the  pyrolysis  is 
increased  to  734  K,  the  degradation  of  the  lignin  component  is 
accelerated  and  can  be  monitored  by  the  significant  reduction  in 
the  intensity  of  the  methoxy  peak  at  55  ppm  as  seen  in  Fig.  6(c). 
At  this  temperature,  a  continued  transformation  of  the  aromatic 
carbon  species  to  more  fused  ring  type  structures  is  also  apparent 
from  the  reduction  in  the  intensities  of  the  phenolic  species  at 
140-160  ppm  as  well  as  the  reduction  in  the  intensities  of  the  ali¬ 
phatic  species  between  30  and  10  ppm.  However  the  fact  the  signal 
from  the  low  molecular  weight  alkyl  species  has  not  disappeared 
completely  implies  that  a  mechanism  of  stabilization  is  at  work 
which  prevents  their  volatilization  possibly.  This  stabilization 
effect  may  be  assigned  to  the  primary  char  physically  trapping 
the  low  molecular  weight  components  while  catalysing  their  con¬ 
version  to  PAHs.  This  is  consistent  with  the  previous  thermal  deg¬ 
radation  analysis  of  co-mixtures  of  cellulose  and  lignin  [13], 

In  the  case  of  PET,  which  is  more  thermally  resistant  to  degra¬ 
dation  than  cellulose  and  hemicellulose,  the  13C  spectrum  of  the 
sample  treated  at  683  K  is  very  similar  to  the  as  received  material 
(Fig.  6(d)  and  (e)).  However  the  initiation  of  degradation  at  the  less 
thermally  stable  ester  carboxyl  bond  is  visible  by  its  reduced  inten¬ 
sity  in  relation  to  the  alkoxy  or  aromatic  carbon  species.  Upon  fur¬ 
ther  temperature  increase  to  734  K,  there  is  a  rapid  decrease  in  the 
intensities  of  ester  carbonyl  and  alkoxy  carbon  signals.  Another 
significant  effect  at  this  higher  temperature  is  the  complete  break¬ 
down  of  the  crystalline  domains  and  the  formation  of  an  essen¬ 
tially  homogenous  phase  structure.  This  is  seen  by  the 
disappearance  of  the  sharp  peaks  and  the  appearance  of  much 
broader  lineshapes  in  Fig.  6(f).  Thus  in  the  case  of  the  PET,  we 
are  able  to  monitor  both  the  chemical  and  phase  transformations 
occurring  during  the  pyrolysis. 

Fig.  7(a)  and  (d)  are  spectra  of  macadamia  nut  shell  and  PET  that 
were  thermally  treated  separately  and  then  mixed  in  an 
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Macadamia  nut  shell  Polyethylene  terephthalate 


200  150  100  50  ppm  200  150  100  50  ppm 


13c{1h}CPMAS  NMR  13C{lH}CPMASNMR 


Fig.  6.  13C{1H}-CPMAS  NMR  spectra  of  as  received  and  pyroiysed  macadamia  nut  shell  (a-c)  and  as  received  and  pyrolysed  PET  (d-f). 


13c{lH}CPMAS  NMR  1 3C{'1  H}  CPMAS  NMR 

Fig.  7.  ,3C{’H}  CPMAS  with  TOSS  spectra  of  thermally  treated  80  wt.%  macadamia  nut  shell  and  20  wt.%  PET  blend  and  mixture  at  683  K  (a-c)  and  734 1<  (d-f)  respectively.  All 
spectra  are  scaled  to  the  same  intensity  for  clarity. 


80-20  wt.%  ratio  (M80  +  P20  mixture).  Fig.  7(b)  and  (e)  are  spectra 
of  the  neat  macadamia  nut  shell  and  PET  mixed  in  a  80-20  wt.% 
ratio  (M80P20  blend)  and  then  co-pyrolysed  at  683  K  and  734  K 
respectively.  A  comparison  between  the  spectra  in  Fig  7(a)  with 
(b)  and  Fig.  7(d)  with  (e)  shows  that  there  are  distinct  chemical 
and  physical  changes  between  the  MSo  +  P20  mixture  and  M80P2q 
blend  at  both  683  K  and  734  K.  The  spectra  in  Fig  7(a)  and  (d)  rep¬ 
resent  the  case  of  no  interaction  between  the  Macadamia  nut  shell 
and  PET  during  pyrolysis  at  either  temperature.  At  683  K,  the  signal 
from  the  PET  in  the  mixture  (Fig.  7(a))  shows  well  resolved  peaks 
for  the  carbon  sites  (61.5  ppm,  130  ppm,  133.5  ppm  and 
163  ppm)  which  is  identical  to  the  signal  in  the  neat  PET 
(Fig.  6(e)),  as  expected.  This  comparison  of  the  PET  signal  is  similar 
for  734  K  (compare  Figs.  6(f)  and  7(e)),  where  the  PET  peaks  are 
similarly  broadened  due  to  the  effect  of  the  increased  temperature. 
However  in  the  case  of  the  blend  samples,  the  13C  NMR  signals  of 
the  PET  look  very  different  from  the  mixture,  while  the  contribu¬ 
tion  to  the  13C  NMR  signal  from  macadamia  nut  shell  does  not 
show  any  marked  difference.  Thus  we  can  subtract  out  the  signal 
of  the  macadamia  nut  shell,  to  clearly  visualize  the  difference  in 
the  PET.  Fig  7(c)  and  (f)  shows  the  signal  of  only  the  PET  fraction 
within  the  heat  treated  M80P2o  blend.  The  first  evident  result  is 
the  full  conversion  of  the  crystalline  domains  in  the  PET  into  an 


amorphous  phase  even  at  683  K  which  is  very  distinct  from  the 
behaviour  of  neat  heat  treated  PET.  This  is  clearly  demonstrated 
in  Fig.  7(c),  where  the  peak  positions  of  the  PET  correlate  to  the 
peak  positions  of  the  amorphous  component  of  the  PET  as  seen 
in  Fig.  6(d).  We  hypothesize  that  interaction  with  the  hot  volatiles 
formed  during  the  degradation  of  the  cellulose  and  hemicelluloses 
may  be  the  cause  for  the  early  onset  of  phase  change  in  the  PET 
fraction  of  M80P2o  blend.  The  spectra  of  the  M80P2o  co-pyrolysed 
at  734  K  (Fig.  7(e))  shows  a  much  more  dramatic  change  in  the 
structure  of  the  PET  as  compared  to  the  neat  PET  thermally  treated 
to  734  K  (Fig.  6(f)).  In  the  case  of  the  neat  PET,  there  is  an  absence 
of  any  crystalline  domains  as  well  as  the  formation  of  two  new  13C 
NMR  peaks  at  144  ppm  and  159  ppm  (Fig.  6(f)).  However  the  NMR 
signal  from  the  PET  domains  in  co-pyrolysed  M8oP2o  (Fig-  7(f))  is 
very  different  where  the  major  aromatic  peaks  are  significantly 
broadened  in  comparison  to  the  neat  pyrolysed  PET.  Additionally 
there  is  signal  intensity  in  the  region  between  the  ester  group 
(165  ppm)  and  the  primary  aromatic  peak  (129  ppm).  This  indi¬ 
cates  that  there  is  a  formation  of  complex  disordered  aromatic 
structures  whose  13C  NMR  signature  is  very  similar  to  that  of  the 
aromatic  species  in  the  neat  macadamia  nutshell  char  (Fig.  6(c)). 
The  l3C  NMR  signal  intensities  at  160-140  ppm  along  with 
concomitant  intensity  at  120-110  ppm,  indicates  that  there  is 
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formation  of  phenolic  species  which  is  also  an  indication  of  char 
residue  formation.  Thus  the  spectrum  in  Fig.  7(f)  clearly  demon¬ 
strates  the  formation  of  char  within  the  PET  domains  of  the  co-pyr- 
olysed  M8oP2o  mixture  at  734  I<  unlike  in  the  case  of  the  neat  PET. 
This  result  can  be  directly  correlated  to  the  occurrence  of  the  PET 
degradation  peak  maxima  at  a  lower  temperature  in  the  blend 
sample,  as  compared  to  the  neat  PET  and  it  shows  direct  evidence 
that  the  presence  of  the  macadamia  does  indeed  promote  char  for¬ 
mation  from  the  PET  at  reduced  temperatures.  Thus  13C  solid  state 
NMR  is  able  to  characterise  the  distinct  chemical  and  structural 
evolution  which  accompanies  the  synergistic  effects  and  correlate 
this  evolution  to  the  measured  reaction  kinetics. 

4.  Conclusion 

The  synergistic  effect  for  an  increase  in  char  formation  by 
cross-linking  reaction  between  macadamia  nut  shell  and  PET  dur¬ 
ing  co-pyrolysis  has  been  confirmed  by  kinetic  as  well  as  chemical 
analysis  by  coupling  the  conventional  TGA  method  with  the  13C 
solid  state  NMR  technique.  The  synergistic  effect  is  observed  to 
increase  the  carbon  yield  from  PET  pyrolysis  by  a  factor  of  two. 
The  DTG  data  shows  presence  of  two  synergistic  effects.  The  first 
effect  is  temporary  and  related  to  the  hydrogen  transfer  to  the  pri¬ 
mary  char,  while  the  second  effect  is  permanent  and  related  to  the 
formation  of  PAEls  from  the  PET.  The  Freeman-Carroll  analysis  of 
the  DTG  data  shows  that  while  the  M50P50  blends  yield  the  best 
kinetic  parameters  for  char  formation  at  lower  temperatures  (asso¬ 
ciated  with  the  first  synergistic  effect),  it  is  the  M8oP20  blend  that 
yields  the  highest  char  residue  due  to  more  favourable  kinetics  at 
elevated  temperatures  (corresponding  to  the  second  synergistic 
effect).  It  is  also  shown  by  the  analysis  of  kinetic  parameters  that 
increasing  the  heating  rate  has  a  negative  impact  on  the  first  syn¬ 
ergistic  effect  while  the  second  synergistic  effect  is  only  marginally 
influenced.  The  chemical  analysis  of  the  solid  residue  of  the  best 
blend  ratio  (M80P2o)  by  13C  solid-state  NMR  shows  that  the  crystal¬ 
line  domains  in  the  PET  transformed  into  an  amorphous  phase 
which  is  distinctly  different  from  neat  heat  treated  PET  due  to 
interaction  with  radicals.  At  higher  temperature  range  (>690  K), 
extensive  degradation  of  the  PET  in  the  blend  and  the  formation 
of  PAHs  are  detected.  The  correct  assignment  of  the  increased  reac¬ 
tion  orders,  measured  for  the  blend  samples  to  the  formation  of 
condensed  aromatic  structures  and  PAHs  is  confirmed  by  their 
detection  by  solid-state  NMR.  The  presence  of  aliphatic  signals  in 
the  13C  NMR  indicates  that  the  char  from  macadamia  nutshell  is 
able  to  capture  volatiles  from  the  PET,  thereby  enabling  them  to 
form  char  like  structures.  Thus  the  complex  influence  of  reactant 
composition  and  heating  rate  on  the  product  yield  for  pyrolytic 
processes  can  be  comprehensively  understood  by  the  combination 
of  kinetic  analysis  of  the  degradation  process  and  the  molecular- 
level  understanding  the  reaction  products.  It  is  expected  that  such 
comprehensive  analysis  can  enable  the  design  of  efficient  pyrolysis 
conditions  to  maximise  the  yield  high  purity  carbons  from  waste 
resources. 
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